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Abstract
In the present paper, it is assumed that there exist two species of dark matter: a heavy
dark matter particle (HDM) with the mass of O(TeV) which is generated in early universe
and a lighter dark matter particle (LDM) which is a relativistic product due to the decay
of HDM. HDMs, captured by the earth, decay to high energy LDMs, and these particles
can be measured by km3 neutrino telescopes, like the IceCube detector. A Z ′ portal dark
matter model is taken for LDMs to interact with nuclei via a neutral current interaction
mediated by a heavy gauge boson Z ′. With the different lifetimes of decay of HDMs and
Z′ masses, the event rates of LDMs, measured by IceCube, are evaluated in the energy
range between 1 TeV and 100 TeV. According to the IceCube data, the upper limit for
LDM fluxes is estimated at 90% C.L. at IceCube. Finally, it is proved that LDMs could
be directly detected in the energy range betwen O(1TeV) and O(10TeV) at IceCube with
mZ′ . 500GeV and τφ . 10
21 s.
Keywords: Heavy dark matter, TeV dark matter, Z’ mediated dark matter model, Neu-
trino
1 Introduction
The nature and origin of dark matter (DM) remains one of the unanswered puz-
zles in particle physics, cosmology and astrophysics, but sufficient evidences for
the existence of DM and its dominance in matter in our universe are provided by
cosmological and astrophysical observations [1,2]. 26.6% of the overall energy den-
sity of the universe is nonbaryonic DM [3]. Weakly Interacting Massive Particles
(WIMPs), predicted by extensions of the Standard Model (SM) of particle physics,
are a class of candidates for dark matter [2] and distributed in a halo surrounding
a galaxy. This WIMP halo with a local density of 0.3 GeV/cm3 is assumed and
its relative speed to the Sun is 230 km/s [4]. At present, one mainly searches for
WIMPs via direct and indirect detections [5–12]. Because of the very small cross
sections of the interactions between these WIMPs and nuclei [7, 9], so far no one
has found this thermal DM yet.
1
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A heavy dark matter particle (HDM) φ is an alternative DM scenario [13–23].
Then it is a reasonable assumption that there exist two DM species in the Universe.
One is a non-relativistic dark sector generated by the early universe with its bulk
comprised of a massive relic (mφ ∼ O(TeV )) in the Universe. The other is a
stable lighter dark matter particle (LDM) χ which is products of the decay of
HDMs (φ → χχ¯). It is assumed that HDMs comprise of the bulk of present-day
DM. Since the decay of long-living HDMs (τφ > t0 [24, 25], t0 is the age of the
universe), meanwhile, the present-day DM may also contain a small component
which is high energy LDMs. Besides direct measurements of HDMs, one can
detect products of the decay of HDMs. That is a flux of protons, gamma rays and
neutrinos is produced by the decay of HDMs into the partons. Conversely, it is
different from this decay mode referred to above that the products of the decay
of HDMs are a class of lighter fermion dark matter [26–30], not SM particles,
in the present work. Although the fraction of these relativistic LDM particles
is small in the Universe, their large interaction cross sections (including between
themselves and between them and SM particles) make it possible to measure them.
In the present paper, a Z′ portal dark matter model [31, 32] is taken for LDMs χ
to interact with nuclei. And, for the χχZ′ and qqZ′ interactions, their vertexes
are both assumed to be vector-like. These HE LDM particles may be directly
measured by their interaction with nuclei. Thus it is indicated that there exist
HDMs in the Universe.
HDMs, captured by the earth, decay to high energy LDMs (φ → χχ¯), and
these particles (χ), which pass through the Earth and ice and interact with nuclei,
can be measured by km3 neutrino telescopes, such IceCube [33], ANTARES [34],
KM3NeT [35]. In this measurement, the main contamination is from astrophysical
and atmospheric neutrinos. In what follows, the event rates of LDMs, measured
by IceCube, from the earth core will be evaluated in the energy range between 1
TeV and 100 TeV with the different lifetimes of decay of HDMs and Z′ masses.
Thus it will be proved that the possibility of measurement of these TeV LDM at
IceCube.
2 HDM accumulation in the Earth
It is considered a scenario where the dark matter sector is composed of two particle
species in the Universe. One is a non-relativistic particle species φ, with mass of
O(TeV), that is between 1 TeV and 100 TeV in the present paper, the other is
much lighter particle species χ (mχ ≪ mφ), due to the decay of φ, with a very
large lifetime. And φ comprises the bulk of present-day DM. The lifetime for
the decay of HDMs to SM particles is strongly constrained (τ ≥ O(1026 − 1029)s)
by diffuse gamma and neutrino observations [25, 36–38]. However, since in this
scenario φ does not decay to SM particles, constraints relevant here are only those
based on cosmology. Then, in the present work, it is considered an assumption
that HDMs only decay to LDMs. So τφ is taken to be between 10
17 s (the age of
the Universe) and 1026 s.
When the HDM wind sweeps through the Earth, those non-relativistic particles
could collide with the matter in the Earth and lose their kinetic energy. Then
they can be captured by the Earth’s gravity and enter the earth core. After a long
period of accumulation, the HDMs inside the Earth can begin to decay into LDMs
at an appreciable rate. The number N of HDMs, captured by the Earth, obeys
the equation [39]
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dN
dt
= Ccap − 2Γann − CevpN (1)
where Ccap is the capture rate, Γann is the annihilation rate and Cevp is the
evaporation rate. The annihilation of HDMs can be ignored since their cross section
is bounded by unitarity (σann ∝
1
m2φ
). The evaporation rate is only relevant when
the DM mass < 5 GeV [40–43], which are much lower than our interested mass
scale (mφ ≥ 1 TeV). Thus the HDM evaporation is ignored in my work.
Ccap is proportional to
σφN
mφ
[44] and σφN is the scattering cross section between
the nucleons and HDMs. The Ccap calculation, with the Gaussian-no solar deple-
tion model in Ref. [45], is adopted but σφN is taken to be 10
−44 cm2 for mφ ∼
O(TeV) [7, 9].
3 LDM and neutrino interactions with nuclei
In the present paper, a Z ′ portal dark matter model [31,32] is taken for LDMs to
interact with nuclei via a neutral current interaction mediated by a heavy gauge
boson Z ′. This new boson is considered as a simple and well-motivated extension
of SM (see Fig.1(a) in Ref. [26]). Since the interaction vertexes (χχZ ′ and qqZ ′) are
assumed to be vector-like in the present work, the effective interaction Lagrangian
can be written as follows:
L = χ¯gχχZ′γ
µχZ ′µ +
∑
qi
q¯igqqZ′γ
µqiZ
′
µ (2)
where qi’s are denoting the SM quarks, and gχχZ′ and gqqZ′ are denoting the Z
′-χ
and Z ′-qi couplings, respectively. This deep inelastic scattering (DIS) cross-section
is computed in the lab-frame. The coupling constant G (G = gχχZ′gqqZ′) is chosen
to be 0.05 and the χ masse is taken to be 10 GeV, and the Z ′ mass is taken to be
100 GeV, 250 GeV and 500 GeV, respectively. Theoretical models that encompass
the LDM spectrum have been discussed in the literature in terms of Z or Z ′ portal
sectors with Z ′ vector boson typically acquiring mass through the breaking of an
additional U(1) gauge group at the high energies (see Ref. [31, 32]). The DIS
cross section for LDM interaction is given by a simple power-lay form [26]. With
mZ′ = 100GeV , its cross section is obtained by the following function:
σχN = 3.83× 10
−36cm2
(
Eχ
1GeV
)0.518
(3)
where Eχ is the LDM energy.
The DIS cross-sction for neutrino interaction with nuclei is computed in the
lab-frame and given by simple power-law forms [46] for neutrino energies above 1
TeV:
σνN(CC) = 4.74× 10
−35cm2
(
Eν
1GeV
)0.251
(4)
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σνN (NC) = 1.80× 10
−35cm2
(
Eν
1GeV
)0.256
(5)
where σνN (CC) and σνN(NC) are the DIS cross-sections for neutrino interaction
with nuclei via a charge current (CC) and neutral current (NC), respectively. Eν
is the neutrino energy.
The LDM and neutrino interaction lengths can be obtained by
Lν,χ =
1
NAρσν,χN
(6)
where NA is the Avogadro constant, and ρ is the density of matter, which LDM
and neutrinos interact with.
4 Evaluation of the numbers of LDM and neutrinos
measured by IceCube
IceCube is a km3 neutrino telescope and can detect three flavour neutrinos via
detecting the secondary particles, that in turn emit Cherenkov photons, produced
by the interaction between neutrinos and the Antarctic ice [47]. HDMs, captured
by the earth, decays to high energy LDMs, and these particles from the earth core
pass through the Earth and ice. Meanwhile they interact with matter of the Earth
and ice. Cherenkov Photons are produced by cascades due to LDM interaction
with nuclei within the IceCube (see Fig. 1). A small part of these photons will
be detected by the IceCube detector. Since these LDMs interact with the nuclei
in the ice and this is very similar to DIS of neutrino interaction with nuclei via a
neutral current, its secondary particles develop into a cascade at IceCube. In the
present paper, it is assumed that all LDMs and neutrinos, detected by IceCube,
interact with the ice within its volume.
The number of LDMs, due to the decay of HDMs in the earth core in ten years,
Ndecay can be obtained by the following function:
Ndecay = 2N0
(
exp(−
t0
τφ
)− exp(−
t0 + T
τφ
)
)
(7)
where N0 =
∫ te
0
Ccapdt is the number of HDMs captured by earth, t0 is the age of
the universe and T is the lifetime of taking data for IceCube and taken to be 10
years in the present work. te is the age of the earth.
The number of LDMs, detected by IceCube, Ndet can be obtained by the fol-
lowing function:
Ndet = R × T ×
∫ Emax
Emin
∫
Seff
η
Ndecay
4piR2e
P (E)dSdE (8)
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where R is the duty cycle for IceCube and taken to be 100%. dS is the surface
element. Seff is the effective observational area for IceCube and about 1 km
2. E
is the energy of an incoming particle and varies from Emin to Emax. Re is the
radius of the Earth. P (E) = exp(−
Dearth
Learth
)
(
1− exp(−
D
Lice
)
)
. Learth,ice is the
LDM interaction lengths with the earth and ice, respectively. D is the effective
length in the IceCube detector. Since Ndet is just Roughly estimated in the present
paper, the efficiency for measuring showers produced by LDMs or neutrinos, η, is
assumed to be 100%.
The background is mainly two sources: astrophysical and atmospheric neu-
trinos which pass through the earth core and reach IceCube. The astrophysi-
cal neutrinos are estimated with a diffuse neutrino flux of Φastroν = 0.9
+0.30
−0.27 ×(
Eν
100TeV
)−2.13±0.13
× 10−18GeV −1cm−2s−1sr−1 [48], where Φastroν represents the
per-flavor flux, by the above method. And the atmospheric neutrinos is estimated
with a flux of Φatmν = Cν
(
Eν
1GeV
)−(γ0+γ1y+γ2y2)
by the same method [49], where
Φatmν represents the atmospheric neutrino flux, y = log10(Eν/1GeV ), and the co-
efficients, Cν (γ0, γ1 and γ2) are given in Table III in Ref. [49].
5 Results
The event rates of LDMs and neutrinos, detected by IceCube, are evaluated in the
energy between 1 TeV and 100 TeV, respectively. The numbers of the detected
LDMs can reach about 1974 and 1 at 1 TeV and 47 TeV with mZ′ = 100GeV
and τφ = 10
18 s in ten years, respectively, as shown in Fig. 2 (see the red solid
line). The numbers of the detected LDMs can reach about 67 and 1 at 1 TeV
and 16 TeV with mZ′ = 250GeV and τφ = 10
18 s in ten years, respectively, as
shown in Fig. 2 (see the blue solid line). The numbers of the detected LDMs can
reach about 4 and 1 at 1 TeV and 2.4 TeV with mZ′ = 500GeV and τφ = 10
18
s in ten years, respectively, as shown in Fig. 2 (see the purple solid line). The
numbers of the detected LDMs can reach about 1974 and 1 at 1 TeV and 47 TeV
with mZ′ = 100GeV and τφ = 10
18 s in ten years, respectively, as shown in Fig. 3
(see the red solid line). The numbers of the detected LDMs can reach about 291
and 1 at 1 TeV and 21 TeV with mZ′ = 100GeV and τφ = 10
19 s in ten years,
respectively, as shown in Fig. 3 (see the green solid line). The numbers of the
detected LDMs can reach about 30 and 1 at 1 TeV and 7 TeV with mZ′ = 100GeV
and τφ = 10
20 s in ten years, respectively, as shown in Fig. 3 (see the blue solid
line). The numbers of the detected LDMs can reach about 3 and 1 at 1 TeV and
2 TeV with mZ′ = 100GeV and τφ = 10
21 s in ten years, respectively, as shown in
Fig. 3 (see the purple solid line).
The event rate of neutrinos is at least smaller by 5 orders of magnitude within
the energy range where LDMs can be measured at IceCube, compared to that of
LDMs, as shown in Fig. 2 and 3. So the neutrino contamination is neglected at
all.
6 Conclusion
According to the IceCube data from 2008 to 2015 [50], no events from the earth
core are measured at IceCube in this period of time. So the upper limit for the
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number of LDMs Nup is equal to 2.44 at 90% C.L. with the Feldman-Cousins
approach [51]. Fig. 4 shows LDM fluxes estimated with mZ′ = 100GeV s (red
solid line), 250GeV (blue solid line) and 500GeV (purple solid line) and the upper
limit for LDM flux at 90% C.L. (black solid line) at IceCube. This limit excludes
LDM flux below 13 TeV (with mZ′ = 100GeV ), 5 TeV (with mZ′ = 250GeV ) and
1.8 TeV (with mZ′ = 500GeV ), respectively. So LDMs, due to the decay of HDMs
in the earth core, could be probed in the energy range between 13 TeV and 47 TeV
(with mZ′ = 100GeV and τφ = 10
18 s), 4.3 TeV and 16 TeV (with mZ′ = 250GeV
and τφ = 10
18 s) and 1.5 TeV and 2.4 TeV (with mZ′ = 500GeV and τφ = 10
18 s)
at IceCube in ten years, respectively.
According to the results described above, it is possible that LDMs are directly
detected in the energy range between O(1TeV) and O(10TeV) at IceCube with
mZ′ . 500GeV and τφ . 10
21 s. Thus This might prove whether there exist
HDMs in the Universe. Certainly, the above results are based on the assumption
that the efficiencies for measuring LDMs and neutrinos are set to be 100%. Besides,
sufficient exposure will be used to determine whether it is possible that LDMs are
detected at a km3 neutrino telescope.
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Fig. 1: LDMs, due to the decay of HDMs captured in the earth core, pass through
the Earth and ice and can be measured by IceCube
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Fig. 2: The numbers of the detected LDMs and neutrinos are evaluated at IceCube
with the different Z ′ masses (100 GeV, 250 GeV and 500 GeV) and τφ = 10
18
s in ten years, respectively
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